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I. INTRODUCTION
T HE FUTURE ultrahigh-speed data-centric network will evolve into an Internet protocol (IP) network on a wavelength-division-multiplexing (WDM) physical infrastructure [1] . The use of optical labels to route and forward IP data without having to detect the payload is, therefore, essential to overcome the electronics bottlenecks [2] . In addition to the optical wavelength that can serve as an optical label in multiprotocol switching schemes, a second level of optical label is still necessary for provisioning, maintaining, and restoring switched light-paths. This second level optical label can be realized by subcarrier multiplexing (SCM) [2] , [3] or by using orthogonal modulation format [4] - [8] combining amplitude shift keying (ASK) and differential phase-shift keying (DPSK) on a single carrier.
In this letter, we present transmission and all-optical wavelength label swapping experiments for an optically labeled signal using ASK/DPSK orthogonal modulation format. Simultaneous error-free transmission of the 10-Gb/s ASK payload and the 2.5-Gb/s DPSK label is obtained over 80-km nonzero dispersion-shifted fiber (NZDSF) with less than 1-dB power penalty. Wavelength label swapping which preserves the DPSK label is also demonstrated in a highly nonlinear fiber (HNLF) based on the four-wave mixing (FWM) process. The successful transmission and wavelength conversion suggest the potential applications of the orthogonal modulation scheme in future IP-over-WDM networks using optical labeling techniques. 
II. TRANSMISSION EXPERIMENT
The ASK/DPSK scheme carries the optical label in-band on the same wavelength as the payload. Fig. 1 shows the setup of the transmission experiment. The signal source is a wavelength tunable external cavity laser (ECL) working at 1555.7 nm. The signal is first-intensity modulated at 10 Gb/s by a Mach-Zehnder modulator (MZM). The 2.5-Gb/s DPSK label is then impressed by the subsequent phase modulator. The ASK payload and DPSK label are not synchronized in this case. The transmission span consists of 80-km NZDSF with dispersion of 4.8 ps/nm/km and dispersion slope of 0.044 ps/nm /km. A matching length of dispersion compensating fiber (DCF) is used to fully compensate the chromatic dispersion in the NZDSF in order to get good receiver sensitivity for both the payload and label. It should be noted that the dispersion tolerance of the ASK/DPSK is also important for system evaluation and this will be investigated in our future work. At the receiver, the DPSK label information can be recovered by simply adding a one-bit delay Mach-Zehnder interferometer before direct detection [6] , thus avoiding the coherent detection and notch filters that are in general usage in the SCM scheme [2] , [3] .
In order to detect the DPSK label, a limited extinction ratio (ER) of the payload is necessary [7] . An increase of the ER will result in better transmission performance of the ASK payload but cause a detrimental effect on the DPSK label and vice versa. It is, therefore, essential to optimize the ER of the transmitter. The measured back-to-back receiver sensitivities of the payload and the label as a function of the payload ER are shown in Fig. 2 . As expected, we observe a tradeoff between the ER requirements for the payload and the label. Since an error in the label will lead the whole packet to a wrong address, the label performance is more critical than the performance of the payload. Therefore, we choose an ER equal to 3 dB such that the receiver sensitivity of the label is about 3 dB better than that of the payload. This requirement is also in accordance with [6] , where a more strict BER of 10 is required for the label. The BER performance and the eye diagrams of the payload and label after transmission over 80-km NZDSF with precompensation scheme are measured as illustrated in Fig. 3 . Very clear and open eyes can be obtained for both the payload and the label after transmission. Because of the influence of the ASK payload, we observe a splitting of the "0" level and "1" level for the demodulated DPSK label [7] . Both the payload and the label can be obtained error-free after 80-km transmission. The DPSK label shows a low power penalty of 0. sensitivity of the payload after transmission is observed to be even enhanced by 0.7 dB compared to the back-to-back case, because the pulses are significantly broadened after the DCF due to the self-phase modulation but the following NZDSF acts on the chirped pulse to compress them to a width narrower than they were initially. Compared to our earlier experimental transmission of the ASK/DPSK packets over 50-km SMF [8] , the usage of NZDSF provides a considerable improvement. It was also tried to place the DCF after the NZDSF in a postcompensation scheme; that lead to 1.5-dB penalty for the payload sensitivity while the same label sensitivity relatively to the precompensation scheme was maintained.
III. TRANSPARENT WAVELENGTH CONVERSION
The optical labels are deployed to build up an appropriate optical path in the transmission fiber network and can be swapped in the network intermediate nodes. To realize wavelength label swapping of this ASK/DPSK modulated signal while preserving the DPSK label, as for instance in core routers, interferometric devices based on cross-phase modulation in SOAs cannot be applied, and instead some transparent wavelength conversion scheme must be considered to preserve the phase information. By using FWM in fibers, it is possible to implement a modulation transparent wavelength converter [9] . Recent FWM wavelength conversion experiments [9] also indicate that using HNLF can result in large spectral and dynamic ranges. Therefore, wavelength conversion using HNLF can be chosen as an ideal solution to transparent wavelength label swapping for the combined ASK/DPSK signal.
The experimental setup is shown in Fig. 4 . The pump and signal sources are ECLs working at 1554.1 and 1552.5 nm, respectively. The ASK/DPSK signal is amplified and combined with the pump after polarization alignment. FWM takes place in the 500-m-long HNLF with a nonlinear coefficient W km . The zero dispersion wavelength of the HNLF is 1553.6 nm and the dispersion slope is 0.022 ps/nm /km. An arrayed waveguide grating (AWG) with channel spacing of 200 GHz is used to filter out the converted signal. Fig. 5 shows the optical spectra at the output of the HNLF and the converted signal after the AWG. A wide detuning range ( 10 nm) of the pump wavelength is observed in this setup provided the input signal power is 18 dBm. When the detuning is fixed to 1.6 nm, the input dynamic power range is from 6.3 to 18 dBm. By optimizing the states of polarization of the pump and signal and the input power dynamic range, a conversion efficiency of the FWM process up to 15dB could be achieved. The converted signal is then split into two parts by a 3-dB coupler and received by the payload receiver and the label receiver; thereby, the BER performance of payload and label are measured simultaneously. The original (back-to-back) eye diagrams of the payload and the label are shown in Fig. 6(a) and (c).
Because the FWM effect in fibers can be exploited to achieve all-optical reshaping [10] , it can be predicted that the ER of the converted ASK signal at 1550.9 nm will be enhanced due to this reshaping characteristics. This is verified in our experiment. When the ASK signal has an initial ER of 3 dB, the ER of the converted signal is measured to be 3.5 dB. Therefore, if the label performance is still demanded to outperform the payload, according to the previous discussion of the optimization of the input ER, a lower ER of less than 3 dB should be selected. In our experiment, the ER of the input signal is set to 2.8 dB.
After FWM wavelength conversion, the phase information of the input signal is well replicated onto the new wavelength. The converted label has clearly multilevels but has reduced amplitude fluctuation in the "marks" as compared to the back-to-back label (see Fig. 6 ). We believe this can also be ascribed to the reshaping of the ASK signal. In our setup, a Bessel low-pass electrical filter with the usual 70% bit rate bandwidth was not applied in the receiver. However, it can be envisaged that such a Bessel filter would be very beneficial for both payload and label detection due to the reduction of the noise variance with acceptable intersymbol interference. Power penalty of the label is measured relative to the back-to-back case and found to be smaller than 1.6 dB. However due to the noise imposed in the "mark" of the ASK payload and the low ER, the power penalty of the payload is about 5 dB. The BER performance of the DPSK signal for back-to-back and wavelength conversion are also measured when the payload is switched off as shown in Fig. 7 . In this case, the power penalty is within 1 dB and a very low receiver sensitivity of 36.5 dBm is obtained.
A similar FWM product at 1555.8 nm, namely the idler, was also tried to be detected. However in our experiment, error-free operation for both the payload and label could not be achieved with this product. We believe this is because the reshaping effect would not take place with this FWM product [9] . 
IV. CONCLUSION
We have presented an experimental investigation of transmission performance as well as all-optical transparent wavelength conversion of an optically labeled signal using ASK/DPSK orthogonal modulation format. The penalties of the payload and label after transmission in 80-km NZDSF are both below 1 dB. Wavelength label swapping and DPSK label replication by employing FWM in an HNLF is also demonstrated. The experimental results suggest that the orthogonal ASK/DPSK modulation scheme could be a promising candidate for optical labeling in future IP-over-WDM networks.
